We report inelastic light scattering from underdamped plasmons in azetidinium lead bromide (AzPbBr3). The plasmons are very strongly temperature dependent and serve as a soft mode for the semiconductor-insulator phase transition near TC » 150 K, demonstrating a continuous decrease in hole concentration np(T) by at least a factor of four and implying a nearly tricritical transition. The plasmon frequency and linewidth agree with independent measurements, and the impedance analysis reveals a frequency dependence (modelled by a constant phase element, CPE) that can be identified as due to electron-phonon coupling. The dependence of plasmon frequency upon (TC-T) is analogous to that for magnons in magnetic insulators or soft transverse optical phonons in ferroelectrics and ferroelastics, or for phasons in incommensurately modulated insulators.
Introduction
In condensed matter physics or solid-state chemistry we are used to the idea that some boson excitation becomes unstable to signify a phase transition. This has included at least four kinds of bosons: optical phonons (ferroelastic quartz 1 or nearly ferroelectric strontium titanate [2] [3] [4] [5] ), magnons (antiferromagnets 6 or ferromagnetic insulators), phasons in incommensurately modulated systems 7 and Cooper pairs (superconductivity), 8 Table 1 . In the present work we extend this list to show that a semiconductor-insulator transition is triggered by an unstable plasmon ("soft plasmon") in an organic-inorganic hybrid perovskite (OIHP) material. 9 For the past few years there has been a general question as to whether the electrons form localized excitons or coherent plasma waves (plasmons); the plasmon model was verified first by Saba et al. 10 Here we report these plasmons in azetidinium lead bromide (AzPbBr3) 11 via resonant Raman spectroscopy. The underdamped plasmons shown in Fig. 1 have frequencies between 300-600 cm -1 , depending upon temperature, and both frequency and linewidth agree with those calculated independently from carrier concentration, np(T), effective mass, m* = ca. 0.16 me, and mobility, µ(T).
The plasmons exhibit a unique and unexpected temperature dependence, with frequency decreasing by >50% as temperature is increased toward TC » 150 K, suggesting a metalinsulator (or more precisely, semiconductor-insulator) phase transition. Because the phase transition is slightly first-order, it is not routine or reliable to try to extract a temperature exponent, β, from plasmon frequency w = A(TC-T) β . However, if we merely graph log w versus log (TC-T), we obtain a good estimate of β = 0.41; and if we instead force TC to fit independently a peak in the dielectric constant at T » 150 K, we obtain a value β = 0.5, Fig.   2b . So either suggest a mean-field dependence. At this temperature there is a small, presumably secondary effect, on the dielectric properties. The plasmon data are remarkably similar to those in CdS, for which studies were published long ago; 12 [13] [14] [15] [16] [17] We note parenthetically that boson excitations are characterized by quantum superposition, so that in large number densities they produce classical fields: For ferroelastic soft modes these are strain fields; for ferroelectrics, they are bulk polarizations, P; for superconductors, a Future experiments at small scattering angles with single crystals should therefore reveal narrower linewidths. Note that this wave vector is only ca. 1% of the way to the Brillouin zone boundary, so inelastic neutron scattering is not a useful tool.
The soft plasmon frequencies satisfy (4.)
with b estimated in two different ways as ca. 0.4 (freely adjustable TC) and 0.5 (TC constrained to be that of the dielectric anomaly T0), compatible with mean field; the latter is shown in Fig. 2 . However, these are only rough estimates, since TC is unknown and the transition is slightly first-order (note that TC must be >T0, the actual transition temperature).
Dielectric properties and CPE
The dielectric properties of AzPbBr3 show a large dielectric anomaly in the real permittivity at ca. 173 K which is associated with a structural transition; 11 at lower temperature, in the range where the plasmons are observed in the Raman data, a clear dielectric loss peak is evident together with a frequency dependence of the real permittivity, Figs. 2a and 2b. These features suggest a contribution of the high frequency plasmons to the low frequency dielectric response. The semiconductor-insulator transition associated with the plasmon response, which is associated with the frequency dispersion, can be fitted to a CPE (constant phase element) which is derived from Jonscher's 'universal' dielectric response. 23, 24 This is a circuit element with an complex admittance:
where A0 is the reciprocal electrical impedance (|Z*|) at 1 rad/s and where 0 £ n £ 1, indicating a range of non-ideal behaviour ranging from n = 1 for Y*(w) for a perfect capacitor to n = 0 for that of a resistor. Using the relation Y*(w) = iwC0e*(w), the complex permittivity C0e*(w) is given by:
This allows the frequency dispersion of the real permittivity to be quantitatively fitted as e' µ 17, 25 and ionic conductors, 26 but the origin in each case is physically typically unknown -in many cases it is an ad hoc "fudge factor" yielding an exponent n that can represent multiple deviations from ideality, including electrical inhomogeneity. We find it to be 0.995 here, a value typical of crystalline solids. 17, 25, 26 This seems to be a rare case in which the physical origin of the CPE is known; it presumably arises from plasmon-phonon coupling, and in particular, through Landau damping into the same final states.
Role in superconductivity in oxides
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